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Abstract--The present s udy contributes toa better understanding of the atomic Xe laser as a powerful 
IR source. Several important phenomena like the dependence of both the observed optimized input power 
and maximum output power on the square of the gas density and also the constant fractional ionization 
are reported and verified theoretically. The insight in the kinetics of this system has also lead to the 
realization of small-size continuous systems with output powers in the range of watts. The results of the 
present study can be used to predict the performance of the atomic Xe laser under different operating 
conditions. 
I. INTRODUCTION 
Lasing from neutral Xe atoms excited in a gas discharge was observed for the first time in the early 
1960s, shortly after the invention of the laser. The beginning of the laser era was characterized by 
an extensive search for "anything that could lase." Most of the new laser systems did not receive 
continuous interest because of their low power and have been forgotten. They may remain 
interesting for the history of science. This was not the case for the neutral Xe laser although it was 
close to this fate. This laser never went out of the scene just because of one unique feature, i.e. 
an extremely high gain in a very homogeneous cw gas discharge. It has been observed that a gain 
as high as 1000 dB/m is feasible with a low pressure (hundreds of millitorr to a few torr) discharge 
in He-Xe mixtures. The disappointment of this conventional system is that along with the 
extremely high gain the atomic Xe laser has an extremely low saturation intensity. As a result it 
appeared to be a laser that could operate practically without mirrors but even with optimum 
outcoupling the output power was very small typically in the order of a few hundreds of microwatts 
with an efficiency far below 1%. 
II. BREAKTHROUGH IN THE DEVELOPMENT OF HIGH POWER 
IR LASERS 
Nevertheless, research interest in this laser has not weakened; in fact it has been strengthened 
over the past 5 yr. The reason is that this laser is now becoming the most promising light source 
in the wavelength region of a few microns when using a high-pressure rare gas mixture with less 
than 1% Xe. Its major advantages are high efficiency (so far up to 8%), high output energies (15 J/l 
at 9 bar pressure), high continuous output power (more than 200 W/l), no gas dissociation and no 
thermal heating of the lower laser level. 
The major breakthrough in this type of laser was possible after the technology for e-beam and 
e-beam sustained systems and later the technology for pulsed high-pressure discharges with UV 
and x-ray preionization became available. Especially the e-beam sustained technology which was 
successfully developed uring the 1980s for high-energy excimer systems is crucial for obtaining 
a high performance in pulsed operation. The important point by applying these very different 
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discharge technologies i the possibility to expand the range of working pressures ubstantially 
which turns out to be essential for obtaining higher power and better efficiency. From these 
observations and the accompanying theoretical modeling the idea was supported to consider a 
multi-atmosphere X laser as a four-level system that uses the metastable state of the lasing atom 
as the ground state in the excitation scheme, m The primary channel for filling of the upper laser 
level in the Ar-Xe mixture is the dissociative recombination of ArXe ÷ or Xef molecular ions with 
electrons. After the ions recombine they decay to form the upper laser level, hence the name 
"Recombination laser." The lower level is emptied in collissions with atoms of the buffergas Ar 
and with electrons by decaying to the metastable vel. The atoms in the metastable state are then 
ionized again in the discharge. The high lasing efficiency is a consequence of the fact that the 
quantum efficiency of the Xe laser increases because of a recirculation of energy without a 
relaxation of metastable atoms to the ground state. Ionization from this metastable state requires 
only 3.8 eV. See Fig. I. 
The lasing of atomic Xe occurs on the well-known IR transitions (1.73-3.51/~m) between the 
5d and 6p manifolds as shown in Fig. 2. The 5d manifold is efficiently populated through the 
recombination process with a resulting quantum efficiency of 19% for the i.73 gm line. Although 
high power operation is obtained the system saturates with increasing electron density i.e. current 
density. The mixing of the 5d and 6p manifolds by the electrons is always in competition with the 
stimulated emission process of the laser. With increasing pump power, as we shall see later on, the 
mixing process wins at the expense of stimulated emission. As a result both lasing efficiency and 
lasing power decrease above a certain input power level. 
The above-mentioned recombination is a three-body-collision process. It is the principal 
mechanism in the inversion process. This can only occur at high gas density, say above 100 Torr. 
The increased pressure leads also to homogeneous line broadening which has a beneficial effect on 
the efficiency. However, a homogeneous inversion density under such conditions requires a 
homogeneous discharge in a high-density gas. This is from a technical point of view a great 
challenge. A self-sustained discharge at these densities is in principle unstable. Moreover, at high 
gas density the pressure broadening mechanism of the laser transitions reduces the gain. At a 
constant inversion density the gain is inversely proportional to the gas density, whereas the 
saturation intensity increases proportionally to this density. In order to maintain sufficient gain to 
reach saturation in a laser system it is necessary to also increase the inversion density proportional 
to the gas density. This means, however, that in a laser volume of, say, 100 cm 3 at l atm gas pressure 
the input power is of the order of 250 kW. At first glance this is not realistic for continuous 
operation. For that reason most attention is paid to pulsed systems where during the pulse the input 
energy is sufficiently high and the average power is set by the pulse repetition frequency. The 
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Fig. I. Four-level scheme of the atomic Ar Xe laser. 
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Fig. 2. Energy levels of the 5d-6p manifolds of Xe showing the laser transitions. 
above-mentioned technology for pulsed discharges at high-pressure has been applied in a modified 
version to investigate this NIR atomic laser. Stable short pulse discharges are either UV 12~ or 
x-ray ~3"41 preionized, electron beam pumped lu or electron beam sustained. "'51 
II1. CONTINUOUS OPERATION WITH OUTPUT POWER IN 
THE RANGE OF WATTS 
In spite of the high gas density requirement the search for making cw systems with significant 
output power has been continued. Various discharge configurations were investigated. Unfortu- 
nately, most attempts were in vain, especially those based on a direct current discharge (d.c.). One 
approach to investigate discharge stability with increasing pressure is to narrow the discharge 
channel according to the similarity rules which state that pressure times discharge diameter is 
constant. From our research on pulsed mode operation we obtained, as will be discussed later on, 
that the required input power density is about 1-2.5 (kW cm3/atm2). This means that for a narrow 
channel of about 0.1 cm 2, an active length of 50 cm and a gas pressure of 100 Torr about 100-250 W 
input power is required in order to make full profit of the above-mentioned laser mechanism. This 
requirement is not easy to fulfil, especially because of the high gas density. Even in very narrow 
capillaries of I mm dia the maximum attainable gas density is still too low for a substantial increase 
in output power in the case of d.c. discharge. Since discharge stability and homogeneity are in 
general better ensured with a radio frequency (RF) discharge than with a normal d.c. discharge 
we successfully explored RF excitation for this lasing gas system as a function of gas pressure. ~6t 
This technique has several benefits. It operates as a transverse discharge between a narrow gap of 
two parallel electrodes o that a relatively low discharge voltage is sufficient and good spatial 
homogeneity is obtained. The free choice of the excitation frequency gives an extra parameter to 
control the gas discharge. A particular advantage to the recombination laser pumping is that the 
rise and, more importantly, the fall times of the RF-excitation are independent of the discharge 
electrical parameters. We obtained uniform RF excited gas discharge plasmas in various laser 
resonator geometries including slab systems. So far we obtained for the atomic Xe laser with RF 
excitation at 110 MHz a cw output power of 1.5 W in a slab configuration with a cross-section of 
2.25 x 8 mm 2 and an active length of 37 cm, using a gas mixture Ar : He: Xe = 60: 39 : 1 at a total 
pressure of 100 Torr. The input power is about 300 W. 
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intensity it is expected that for a higher e-beam current less power of discharge is used for ionization 
so that a higher fraction of the input power will be transferred to the upper laser state. This means 
that ~ increases with the e-beam current density. One may expect hat for the e-beam sustained 
system the efficiency increases with the e-beam intensity. This has indeed been observed. For x-ray 
preionized or sustained systems where the degree of ionization is in general much smaller than in 
the case of e-beam ionization the main discharge adjust itself at a higher E/N-value which implies 
higher average lectron energy. More power of discharge is then needed to sustain the discharge 
and more power is transferred to higher lying states o that the efficiency of the laser is less than 
in the case of e-beam sustaining. This is confirmed by experiments, 4) 
V. EXPERIMENTS 
The experimental parametric studies of the Ar-Xe recombination laser have been carried out 
with the instrumentation described in Refs (7, 10). It is an e-beam sustained system. The e-beam 
electrons are accelerated in a vacuum diode by a high voltage pulse, up to 270 keV, obtained with 
a Marx generator and enters the laser head through a 25/zm thin Ti foil. The sustainer circuit for 
the main discharge consists of a capacitor of 5.4/a F in series with a resistor of about 0.05 f~ to 
control the current. The energy of this capacitor, charged in the range between 3 and 12 kV, is 
swithced into the discharge by the e-beam. Although the e-beam pulse and sustainer discharge pulse 
have different durations it is observed that during the simultaneous presence of both pulses strong 
quasi-stationary laser action is obtained with powers that depend on e-beam current. After the 
termination of the e-beam pulse having a duration of 1.2 #s the laser action continues during the 
few microseconds that the sustainer pulse is still present, but at a considerably lower level. The 
power density measurements during the quasi-stationary period have been obtained as a function 
of gas density up to 9 bar. 
A typical example of the observed output power density vs input power density is given in Fig. 3. 
The gas mixture contains 0.4% Xe in 8 bar Ar. The e-beam current is 0.8 A/cm 2 with an energy 
of 180 keV measured irectly behind the transmission foil. 17) The sustainer capacitor is either 1.8/~ F
(0)  or 5.4 pF  (O). As expected the behaviour of the laser depends on the input power density 
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Fig. 3. Output density o fa  8 bar e-beam sustained Ar-Xe laser vs input power density. The e-beam current 
dens i ty  is 0.8 A/cm-' and the energy 180 keV. The sustainer circuit contains a serial resistor R~ of 0.1 f~ 
and a capacitor C~ of 1.8#F (0 )  and 5.4pF (O). 
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Fig. 4. The observed optimized input power densities vs the square of gas densities for different e-beam 
current densities. 
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and not on the capacitor or pulse duration. Under present conditions an optimum input power 
of about 150 kW/cm 3 is found, independent of capacitor value and pulse duration. Also the 
predicted curve according to equation (6) is plotted in Fig. 3. Further we plotted in Figs 4 and 
5 the observed values for Pop,, respectively Wmax VS the square of  the gas density for various values 
of the e-beam current. The figures show the more or less linear dependence on the square of  the 
gas density as predicted by (7) and (8). The slopes of  the lines depend on 7,/~ and q, i.e. the average 
electron energy which in its turn depends on the e-beam current. It is seen that higher efficiencies 
are indeed obtained with higher e-beam current densities. If the e-beam current or sustainer current 
becomes too high or the gas density too low then electron quenching will terminate for a short 
period the laser process after which it starts at low power. I1°~ 
In the past there was experimental evidence that the optimized discharge current depended on 
the gas density. From this it was concluded that there exists an optimum electron density for the 
active medium of the Xe laser proportional to the gas density or (n/N)opt is a constant, t8 ~01 This 
constant was called the ,fractional ionization. This quantity can also be deduced from the above 
analysis. This is seen as follows. The electric field of  the discharge is proportional to N or E = NE o. 
The current density is given by i = nev d where n is the electron density and Vd is drift velocity which 
depends on E/N and is independent on N. The optimized input power density is then given by: 
Popt = NEovDenopt (10) 
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Fig. 5. The observed optimized output power densities vs the square of the gas densities for different 
e-beam current densities. 
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Substituting the last expression into (7) we obtain for the optimum value of n/N or fractional 
ionization: 
(n)  {~t-(ct +fl)pzo} l 
opt = 2(0t + fl)qzo EoeVD" (11) 
The right hand side of (11) does not depend on n and N so that an optimum value for f=  n/N 
exists. It is seen that this value depends on ct, fl, q and E0 and therefore on the electron energy. 
However, one may expect hat fl is much smaller than ct because the excitation of the laser occurs 
by recombination and is optimized with respect o ~t. This means that the fractional ionization 
depends mainly on E0 and q and is more or less independent of ~ and ft. For that reason different 
values of f are found under differential conditions. For pure e-beam pumping a f-value of 
2-8 x 10 -6 is found, t~) For an e-beam sustained system with an e-beam current of 2.7A/cm 2
the f-value can be deduced as follows. At a pressure of 9 bar the observed electrode voltage is 
1.83kV at the electrode separation distance of 2cm, resulting in E/N=0.41 x 10-17V/cm 2.
The current density at optimum performance is 217 A/cm 2. The corresponding drift velocity v D is 
2.3 x 105 cm/s. <~:) From this we find n = 6 x 10~5/cm3 so that f = 2.7 x 10 -5. Similarly it can be 
deduced from Fig. 4 that for smaller values of the e-beam current smaller f-values are obtained. 
This is consistent with equation (11) because for smaller e-beam currents larger E0-values are 
observed. In the case of X-ray preionized self sustained ischarges the E0-value is even much larger 
and consequently the f-value is much smaller. 
We conclude from Fig. 4 that the optimized quasi-steady state input power of the atomic Xe 
recombination laser is, depending on E0, about 1-2.5 (kW/cm-3/atm-2). For a continuous 
operating system at pressure of 100 torr, which is roughly the minimum pressure for three-body- 
collisions, the input power will be about 20-50 W/cm 3. As discussed above, this power density 
has been successfully transferred into a waveguide slab configuration yielding a continuous output 
of 1.5 W. 
Acknowledgement--These inv stigations in the program of the Foundation for Fundamental Research on Matter (FOM) 
have been supported by the Netherlands Technology Foundation (STW). 
REFERENCES 
1. N. G. Basov, V. V. Baranov, A. Y. Chugunov, V. A. Danilychev, A. Y. Dudin, I. V. Kholin, N. N. Ustinovskii and 
D. A. Zayarnyi, IEEE J. Quantum Electron. 21, 1756 (1985). 
2. D. E. Rothe and K. V. Tan, Appl. Phys. Lett. 30, 152 (1977). 
3. J. E. Tucker, B. L. Wexler, B. J. Feldmann and T. McClelland, IEEE Phot. Technol. Lett. l, 193 (1989). 
4. J. E. Tucker and B. L. Wexler, IEEE J. Quantum Electron. 26, 1647 (1990). 
5. L. A. Newman and T. A. De Temple, Appl. Phys. Lett. 27, 678 (1975). 
6. Y. B. Udalov, P. J. M. Peters, M. B. Heeman-Ilieva, F. H. J. Ernst, V. N. Ochkin and W. J. Witteman, Appl. Phys. 
Lett. 63, 721 (1993). 
7. H. Botma, P. J. M. Peters and W. J. Witteman, Appl. Phys. B. 52, 277 (1991). 
8. M. Ohwa, T. J. Moratz and M. J. Kusher, J. Appl. Phys. 66, 5131 (1989). 
9. V. Yu, Baranov, I. M. Isakov, A. G. Leonov, D. D. Malyuta, |. V. Novobrantser, Yu. B. Smakovskii and A. P. 
Streltsov, Soy. Technol. Phys. Lett. 9, 483 (1983). 
10. H. Botma, P. J. M. Peters and W. J. Witteman, 1EEE J. Quantum Electron. 29, 2519 (1993). 
I 1. P. J. M. Peters, Y. F. Lan, M. Ohwa and M. J. Kushner, IEEE J. Quantum Electron. 26, 1964 (1990). 
12. E. Richley, J. Appl. Phys. 71, 4190 (1992). 
